A soluble, 139-residue COOH-terminal polypeptide fragment of the Rieske iron-sulfur protein of the cytochrome b 6 f complex from spinach chloroplasts was obtained by limited proteolysis of the complex and a twostep chromatography purification protocol. The purified Rieske iron-sulfur protein fragment was characterized by: (i) a single NH 2 -terminal sequence, NH 2 -Phe-Val-Pro-Pro-Gly-Gly, starting with residue 41 of the intact Rieske protein; (ii) a single molecular weight species determined by mass spectrometry with a molecular weight of 14,620 ؎ 2 without the [2Fe-2S] cluster; (iii) an optical absorbance spectrum with redox-and pHdependent maxima and minima; and (iv) a reduced-oxidized optical difference spectrum characterized by ⌬⑀ mM ‫؍‬ 3.8 mM ؊1 cm ؊1 for ⌬A at 394 versus 409 nm, which was used to determine the midpoint oxidation-reduction potential, which is ؉359 ؎ 7 mV at 25°C from pH 5.5-6.5, and ؉319 ؎ 2 mV at pH 7, with an apparent pK ox ‫؍‬ 6. The cytochrome b 6 f complex is one of three integral membrane protein complexes in the oxygenic photosynthetic membrane that participate in electron transport, H ϩ translocation, and generation of the trans-membrane proton electrochemical potential. It occupies a central position with respect to the other two integral protein systems, the photosystem II and I reaction center complexes. The Rieske high potential [2Fe-2S] iron-sulfur protein is one of four "large" polypeptides (M r ϭ 17,000 -32,000) observed in denaturing gels of the cytochrome b 6 f (plastoquinol-plastocyanin oxidoreductase) complex and one of three that contain a redox prosthetic group. In order of descending size, these four polypeptides are: cytochrome f, cytochrome b 6 , the nuclear-encoded Rieske [2Fe-2S] protein, and subunit IV, with molecular weights in the complex of spinach chloroplasts of 32,038, 24,166, 19,116, and 17,445, The first crystal structure for an active domain of the cyt b 6 f or bc 1 complexes was the 252-residue soluble lumen side fragment of the 285 residue cyt f, whose structure has been determined to a resolution of 1.96 Å (4, 5). The cytochrome was found to consist of two domains made mostly of ␤ sheet in an elongate (approximately 75 ϫ 35 ϫ 25 Å) geometry. The covalently bound heme lies within the larger domain of the elongate structure near the interface between the large and small domains, its heme iron atom 45 Å from the Arg 250 near the COOH terminus that is connected to the single trans-membrane ␣-helix. The elongate structure of cytochrome f raises questions that are defined in a structural context about the pathway of electron transfer from the membrane-bound hydrogen donor, plastoquinol, to the Rieske protein, and from the Rieske protein to cytochrome f, whose heme appears to be far from the membrane surface. In addition, the existence of a buried ordered linear H 2 O chain, a seeming proton wire with virtually all H-bond donors and acceptors conserved in evolution, which extends 11 Å from the N␦1 nitrogen of His 25 toward Lys 66 of the prominent basic surface region of cytochrome f, suggests that cytochrome f may be the exit port for protons translocated by the b 6 f complex (5). Structures of the other protein subunits of the complex are needed to resolve these questions about the 
The cytochrome b 6 f complex is one of three integral membrane protein complexes in the oxygenic photosynthetic membrane that participate in electron transport, H ϩ translocation, and generation of the trans-membrane proton electrochemical potential. It occupies a central position with respect to the other two integral protein systems, the photosystem II and I reaction center complexes. The Rieske high potential [2Fe-2S] iron-sulfur protein is one of four "large" polypeptides (M r ϭ 17,000 -32,000) observed in denaturing gels of the cytochrome b 6 f (plastoquinol-plastocyanin oxidoreductase) complex and one of three that contain a redox prosthetic group. In order of descending size, these four polypeptides are: cytochrome f, cytochrome b 6 , the nuclear-encoded Rieske [2Fe-2S] protein, and subunit IV, with molecular weights in the complex of spinach chloroplasts of 32, 038, 24, 166, 19, 116 , and 17,445, respectively, as summarized in Ref. 1 . The stoichiometry of all seven known subunits in the b 6 f complex, for the four large polypeptides in the complex from spinach thylakoids (2) , and in Chlamydomonas reinhardtii, including three small hydrophobic subunits determined by [ 14 C]acetate labeling (3), is unity. The stoichiometry of the redox centers, heme b:heme c (cyt 1 f):[2Fe-2S] center is 2:1:1.
The first crystal structure for an active domain of the cyt b 6 f or bc 1 complexes was the 252-residue soluble lumen side fragment of the 285 residue cyt f, whose structure has been determined to a resolution of 1.96 Å (4, 5) . The cytochrome was found to consist of two domains made mostly of ␤ sheet in an elongate (approximately 75 ϫ 35 ϫ 25 Å) geometry. The covalently bound heme lies within the larger domain of the elongate structure near the interface between the large and small domains, its heme iron atom 45 Å from the Arg 250 near the COOH terminus that is connected to the single trans-membrane ␣-helix. The elongate structure of cytochrome f raises questions that are defined in a structural context about the pathway of electron transfer from the membrane-bound hydrogen donor, plastoquinol, to the Rieske protein, and from the Rieske protein to cytochrome f, whose heme appears to be far from the membrane surface. In addition, the existence of a buried ordered linear H 2 O chain, a seeming proton wire with virtually all H-bond donors and acceptors conserved in evolution, which extends 11 Å from the N␦1 nitrogen of His 25 toward Lys 66 of the prominent basic surface region of cytochrome f, suggests that cytochrome f may be the exit port for protons translocated by the b 6 f complex (5) . Structures of the other protein subunits of the complex are needed to resolve these questions about the pathways of electron transfer and proton translocation.
Recently, a high resolution x-ray structure of a 129-residue COOH-terminal water-soluble fragment of the Rieske ironsulfur protein from the cytochrome bc 1 complex of bovine mitochondria has been obtained (6) . With the goal of obtaining a high resolution structure of the Rieske protein that interacts with cytochrome f and serves as its electron donor and whose structure and function can be compared with that of the analogous mitochondrial protein, a 139-residue lumen side fragment of the 179-residue Rieske protein from spinach chloroplast cytochrome b 6 f complex has been purified, characterized, crystallized, and shown to diffract to high resolution, as described below.
EXPERIMENTAL PROCEDURES

Preparation of Rieske Protein from Spinach Chloroplasts
Preparation of Cytochrome b 6 f Complex-The complex was purified according to Refs. 7 and 8 in a procedure based on that of Ref. 9 , except for the following: (i) NaBr-stripped membranes were extracted in 0.5% sodium cholate/25 mM n-octyl-␤-D-glucopyranoside (OG). (ii) The final centrifuge sediment was dissolved in 30 mM Tris-succinate, pH 6.5, containing 0.5% sodium cholate and 30 mM octyl-glucoside. The solution was dialyzed for 2.5 h against 30 mM Tris-succinate, pH 6.5, containing 0.5% sodium cholate and 10 mM OG. (iii) The complex was fractionated on a 7-30% sucrose gradient according to Ref. 10 , and the gradient was prepared in a 9.4-ml volume containing 30 mM Tris-succinate, pH 6.5, 0.5% sodium cholate, and 30 mM OG to which a 0.5-ml sample was loaded. A reddish brown band in the middle of the gradient was collected.
Isolation and Purification of the Lumenal Domain of the Chloroplast Rieske Protein-The final buffer of the cytochrome b 6 f fraction was changed to 20 mM MOPS, pH 7.2, 100 mM NaCl, 0.05% Triton X-100. Limited proteolysis of the complex was performed with thermolysin (1:100 w/w complex:protease for 3 h at room temperature), and the reaction was stopped by the addition of 10 mM EDTA, 20 mM sodium phosphate buffer, pH 7.2. The protein was then loaded on a hydroxylapatite column (2.5 ϫ 5 cm) and equilibrated with 150 mM NaCl, 10 mM sodium phosphate, pH 7.2. The water-soluble Rieske fragment was eluted with the same buffer, concentrated by using the Amicon Centriprep 10, applied to a Sephadex G-75 column (1.5 ϫ 40 cm), equilibrated with 20 mM MOPS, pH 7.2, and again eluted with the same buffer. This protocol, in its major steps, is similar to that used to isolate a 129-residue COOH-terminal fragment of the bovine mitochondrial Rieske protein (11) .
SDS-PAGE
Samples were solubilized in 50 mM Tris-HCl, pH 8.6, 8 M urea, 4% SDS, 10% glycerol, and 4% mercaptoethanol and subjected to SDS-PAGE on 15% acrylamide with the molecular weight standards, rabbit muscle phosphorylase b, bovine serum albumin, hen egg white ovalbumin, bovine carbonic anhydrase, soybean trypsin inhibitor, and hen egg white lysozyme with molecular weights 97,400, 66,200, 45,000, 31,000, 21,500, and 14,400, respectively.
Protein Sequence Analysis
SDS-PAGE was performed as above, except: (i) the gel was pre-run at 5 mA for 1 h, the buffer was decanted, and the reservoir was filled with fresh buffer; (ii) sodium thioglycolate (0.1 mM) was added to the cathode buffer, and the protein band was transferred to a polyvinylidene fluoride membrane, stained with 0.1% Coomassie Brilliant Blue R-250 in 1% acetic acid, 40% methanol, and destained with 50% methanol. The NH 2 -terminal sequence was determined with an Applied Biosystems Model 470A Gas-Phase Protein/Peptide Sequencer using the Edman degradation technique and high performance liquid chromatography for on-line analysis.
Mass Spectrometry
Approximately 5 nmol of the Rieske fragment was diluted in 0.1 ml of acetonitrile/H 2 O. 5 l were directly injected into a flow stream of 5 l/ml in a Micromass II Electrospray Ionization Quadrupole Mass Spectrometer at the Nebraska Center for Mass Spectrometry. Thirteen 6-s scans were combined, and a signal equal to 8 -10 times the baseline noise was obtained.
Visible Spectroscopy
The visible spectrum and chemical difference spectra of the Rieske fragment, at a concentration of 0.1 mg/ml, in 50 mM NaCl, 50 mM buffer, consisting of 10 mM each of MES, MOPS, EPPS, CHES, and CAPS, were measured with a Cary 3 UV-visible spectrophotometer using a bandwidth at half-height of 2.0 nm.
Potentiometric Titrations
Potentiometric titrations were carried out using a homemade platinum-Ag/AgCl combination redox electrode with 0.4 mM ferricyanide as a redox buffer as described in Ref. 5 in a buffer medium of constant composition and ionic strength, as a function of pH, by titrating the amplitude of the short wavelength peak minus trough difference (394 and 408 nm, respectively) in the reduced minus oxidized difference spectrum. The possible spectral interference caused by the presence of ferricyanide (absorbance maximum, 420 nm, ⑀ mM ϭ 1) was eliminated by using a reference cuvette that contained the same concentration of all reagents except the protein and to which equal additions of reductant (sodium ascorbate) or oxidant were made.
EPR Spectrometry and Redox Titrations
EPR spectra of the reduced iron-sulfur cluster of the Rieske fragment and cytochrome b 6 f complex were obtained using a Bruker ESP300 E spectrometer operating at X-band. The sample temperature was controlled with an Oxford Instrument helium flow cryostat. Spin quantitation was conducted under nonsaturating conditions using 0.5 mM CuEDTA as a standard. The instrument parameters were: microwave frequency, 9.25 GHz; power, 1 or 5 mW; modulation amplitude, 1.25 millitesla; modulation frequency, 100 kHz; time constant, 32 ms; sample temperature, 20 K. For measurement of spectra, the b 6 f complex (36 M cyt f) and Rieske fragment (68 M, 1 mg/ml) were poised anaerobically at pH 6.9 to a redox potential of ϩ217 and ϩ205 mV, respectively. 
Protein Concentration
Protein concentrations were routinely determined by the Bradford method (13), using bovine serum albumin as the standard, which was found to yield the same concentrations as obtained by nitrogen determination (14) .
Iron Determination
The iron content was determined chemically according to Brumby and Massey (15) with some modifications. Rieske protein (10 l containing 6.85 nmol of protein) was pipetted into an Eppendorf tube, 1 ml of 5% (w/v) trichloroacetic acid was added, and the mixture was centrifuged at 10,000 ϫ g (5 min). 0.4 ml of the supernatant or standard iron solution (1-500 M ferrous sulfate) was pipetted into glass tubes with 0.4 ml of 5% trichloroacetic acid as the sample blank. Distilled water (0.36 ml), 0.15 ml of 1,10-phenanthroline (0.1%, w/v), 0.05 ml of 0.06 M ascorbic acid (sodium salt), and 0.04 ml of saturated ammonium sulfate were added, mixed, and reacted for 15 min, and the absorbance at 510 nm was recorded relative to the blank.
Plastoquinone Content
The plastoquinone content of the purified Rieske protein fragment was determined spectroscopically, after hexane extraction, evaporation, resuspension in ethanol, and measurement of the spectrum between 200 and 350 nm using purified plastoquinone supplied by F. L. Crane and R. Barr as a reference and an extinction coefficient at 259 nm of 15 mM Ϫ1 cm Ϫ1 (16) .
Crystallization
Conditions for crystallization were initially selected using the sparse matrix approach in a commercial (Hampton) crystallization screen. The Rieske fragment was crystallized in hanging drops by vapor diffusion against 100 mM sodium acetate, 100 mM NH 4 -acetate, 30% polyethylene glycol 4000, pH 5.6 -5.9, 20°C. The hanging drops contained approximately 10 mg/ml protein, and crystals appeared in about 4 days. The crystals were prepared for cryocrystallography by transferring them to a solution containing 100 mM sodium acetate, 100 mM, pH 5.8, NH 4 -acetate, 30% polyethylene glycol 4000, and 20% ethylene glycol for 1 min, followed by flash-freezing in a nitrogen stream at 110 K.
X-ray Diffraction
Data were collected on a Rigaku R-axis II area detector diffractometer using CuK␣ radiation.
RESULTS
Preparation of the Rieske Fragment-A major (139-residue) COOH-terminal polypeptide fragment of the chloroplast Rieske was isolated and purified by a procedure similar to that used previously to purify a 129-residue fragment from the bovine mitochondrial cytochrome bc 1 complex (11). The procedure involved limited thermolysis of the b 6 f complex isolated from spinach chloroplasts according to Ref. 7 and two subsequent chromatography steps utilizing hydroxylapatite and Sephadex G-75. The hydroxylapatite step results in the major purification, removing essentially all of the hydrophobic material including the cytochrome b 6 and subunit IV polypeptides. It results in a fraction in which the Rieske fragment is the dominant component, with some higher molecular weight material that could be the soluble lumen side domain of cytochrome f (4). The purity of the COOH-terminal Rieske fragment is shown by SDS-PAGE (Fig. 1 ) and a unique amino-terminal sequence (NH 2 -Phe-Val-Pro-Pro-Gly-Gly) obtained of the fragment (Table I). The latter sequence is identical to that of residues [41] [42] [43] [44] [45] [46] of the Rieske protein from spinach chloroplasts (17) . The similarity of the purification procedures used to isolate the Rieske protein fragment from the bc 1 and b 6 f complexes is somewhat surprising, considering: (i) the subunit composition of the bc 1 and b 6 f complexes, and the amino acid sequences of the other subunits, cytochromes f and c 1 , which also have a large peripheral domain that could be solubilized by proteases, are very different (4, 18) ; (ii) only nine of the first 65 residues of the soluble chloroplast Rieske protein fragment are identical to the mitochondrial Rieske fragment (19) ( Table I) . Part of the explanation for the similarity of the purification protocols is that the hydroxylapatite column is apparently able to adsorb the hydrophobic subunits or subunit fragments, which accounts for most of the material in both cytochrome complexes.
Mass Spectrometry-The purity of the COOH-terminal end of the fragment, the homogeneity of the fragment, and a confirmation of an unmodified polypeptide chain were obtained from the spectrum of the molecular mass. The reconstructed electrospray ionization spectrum shows the dominant mass component to have a molecular weight of 14,620 Ϯ 2, close to the value of 14,622 predicted from the primary sequence (data not shown). Peaks at mass values of 14,642 and 14,662 are probably sodium adducts, and there are distant small peaks at 14,374 and 14,767, which are ϳ2-3% of the total sample mass, whose exact nature is not known. The difference between the primary sequences of the chloroplast and mitochondrial sequences is illustrated by (i) the shorter 129-residue fragment of the latter having a molecular weight, 14,419 (21), which is close to that of the chloroplast Rieske fragment, although the bc 1 Rieske fragment is 10 residues shorter; (ii) the predicted pI values are quite different, 5.61; and 7.45, respectively, for the b 6 f and bc 1 Rieske fragments.
Visible Spectra: Titration of Oxidation-Reduction Potentials-The visible spectrum of the oxidized (Fig. 2A, trace a) and reduced ( Fig. 2A, trace b) Rieske fragment is characterized by peaks centered at 406 and 400 nm at pH 7.0 ( Fig. 2A, traces  a and b) . The reduced minus oxidized difference spectrum (Fig.  2B ) has a short wavelength peak and trough at 394 and 409 nm, and a differential peak minus trough extinction coefficient,
. The change of amplitude of the difference spectrum as a function of oxidation state (Fig. 3A) was used to titrate the E m . The titration at pH 7 is characterized by a Nernstian plot with n ϭ 1.2 Ϯ 0.1 and an E m7 of 320 mV ( , which is similar to the E m7 ϭ ϩ306 mV measured for the Rieske protein fragment from the bc 1 complex of bovine mitochondria (21) . The titrations at the eight pH values used for the graph of the pH dependence shown in Fig. 3C contain an average of 13 data points, and fit Nernst plots with an n value close to 1 (1.09 Ϯ 0.1). The asymptotes of the plots were well defined in both the low and high potential region relative to the E m (Fig. 3B) . The reversibility of the titration was checked in the pH 7 titration (Fig. 3B ) by sequential addition of ascorbate and ferricyanide. When the E m was measured as a function of pH in order to gain information on amino acid groups that could function in redox-dependent proton translocation, it was found that the E m increased to ϩ359 Ϯ 7 mV at pH values below 6.5 with an effective pK of 6.5 Ϯ 0.2 (Fig. 3C) . The limiting E m at low pH was approximately 50 mV more positive, and the pK was more acidic, than the corresponding E m at low pH of ϩ311 mV and pK values of 7.6 and 9.2, measured for the mitochondrial Rieske fragment (11) . At pH values Ն7.75, the chloroplast Rieske protein became unstable, as judged by loss of amplitude of the optical spectrum (data not shown).
EPR Spectral Properties-The g values, g z ϭ 2.03, g y ϭ 1.90, and g x Ϸ 1.74 (broad band) of the Rieske cluster in the proteolytic fragment (Fig. 4, spectrum A) and the cytochrome b 6 f complex (Fig. 4, spectrum B) are very similar to those previously reported: (i) g z ϭ 2.03, g y ϭ 1.90, and g x Ϸ 1.75 (not discernable) for the Rieske protein in thylakoid membranes of the isolated b 6 f complex (7, 22 ) and the b 6 f complex in thylakoid membranes (23); (ii) g z ϭ 2.02, g y ϭ 1.89 -1.90, g x Ϸ 1.76 -1.80 for the bc 1 complex in bovine mitochondria (23) (24) (25) ; and (iii) g z ϭ 2.029, g y ϭ 1.896, and g x ϭ 1.761, respectively, in the 129-residue soluble Rieske fragment from the bovine bc 1 complex (21), summarized along with data from other sources in Table II . The low amplitude of the g x signal in the Rieske protein from the b 6 f complex implies a small content of bound plastoquinone (26) . The molar ratio of plastoquinone to Rieske A, oxidized (a) and reduced (b) spectra. B, reduced minus oxidized difference spectrum. The protein concentration was 0.1 mg/ml in 50 mM NaCl, and 50 mM buffer mix, pH 7.0. Absorption maxima, which have a small pH dependence, are 398 (pH 5.5) and 406 nm (pH 7) for the oxidized protein and 396 and 400 nm at pH 5.5 and 7.0 in the reduced state. The protein was oxidized and reduced, respectively, with 0.4 mM ferricyanide and 0.5 mM sodium ascorbate.
FIG. 3.
A, titration of the visible difference spectrum of the Rieske protein fragment as a function of ambient potential at pH 7.0; spectra a-i correspond to ambient potentials of 397, 390, 350, 339, 328, 314, 293, 273, and 265 mV. B, titration of the differential absorbance change measured by the absorbance change at 394 nm minus that at 409 nm (⌬A 394 -⌬A 409 ) as a function of potential (pH 7.0). C, midpoint oxidationreduction potential, E m , of Rieske fragment as a function of pH. Data fit using Kaleidograph 3 to the algorithm E m ϭ E ma Ϫ log[10 (pHϪpKox ) ϩ1], with E m and E ma in mV, E ma the limiting midpoint potential at acidic pH, and pK ox the pK of the oxidized form. The pK of the reduced form was assumed to be Ն10. protein determined as described under "Experimental Procedures" was found to be negligible (Ͻ2%). The EPR spectra are characteristic of ligation of the Rieske iron-sulfur center by two cysteine sulfhydryls and two histidine imidazoles, as deduced from Mössbauer, electron nuclear double resonance, electron spin echo envelope modulation spectroscopic data (24, 25, (27) (28) (29) (30) (31) site-directed, and chemical mutagenesis (32) (33) (34) (35) and recently confirmed in the x-ray structure of the soluble mitochondrial Rieske fragment (6) . The similarity of the EPR spectra of the 139-residue Rieske fragment of the b 6 f complex to those of the intact Rieske protein implies that the environment of the [2Fe-2S] cluster is similar in the fragment. From spin quantitation of the reduced protein, 80 -100% of the purified Rieske fragment was found to have an intact [2Fe-2S] cluster. The iron content of the soluble Rieske fragment was determined by the method of Ref. 15 , and the occupancy of the iron-sulfur center in the Rieske fragment was 1.82 mol Fe/mol protein (91%).
Determination of the Midpoint Redox Potential by EPR-
Comparison of the midpoint oxidation-reduction potential of the soluble Rieske polypeptide fragment with that of the Rieske in the b 6 f complex, determined by titration of the g y ϭ 1.90 signal of the EPR spectrum at 17 K, indicates that here are some differences in the environment, probably the polarity, of the [2Fe-2S] cluster. The E m of the soluble Rieske protein fragment at pH 6.0 was ϩ365 mV with n ϭ 1 (Fig. 5A, (2) ), in good agreement with the E m at pH Ͻ 6..5 of ϩ 360 mV determined by optical spectroscopy (Fig. 3C) . However, the E m values determined by EPR at 20 K were different in three respects from those determined from the optical spectra: (i) the E m7 of the Rieske fragment was ϩ375 mV, 55 mV more positive than the E m7 ϭ ϩ320 mV derived from titration of the optical spectra; (ii) within experimental error, there was no observed pH dependence of the E m of the Rieske fragment between pH 6 and 7. The difference between the pK ox of approximately 6.5 measured by optical spectroscopy at room temperature, and the absence of a pK ox in the pH region in EPR measurements at 20 K is consistent, even with the relatively rapid freezing of the samples, could be explained by a temperature dependence of the pK (see "Discussion"). The explanation of the difference between the E m7 value of the Rieske fragment measured by EPR (Fig. 5B ) compared with the E m7 measured by titration of the optical difference spectrum at room temperature might be explained as well by a temperature dependence of the E m of the soluble Rieske fragment, assuming that the slope of the E m change with temperature ⌬E m /⌬T is similar to that (Ϫ1.6 mV/ K), previously determined for the mitochondrial Rieske fragment (11) . If the freezing is sufficiently rapid that temperature correction to the E m would not apply, the consensus values for the soluble chloroplast Rieske fragment would be: (E m6 ) op Ϸ (E m6 ) EPR ϭ 360 -365 mV; (E m7 ) op ϭ ϩ320 mV; (E m7 ) EPR ϭ ϩ375 mV; pK (25°) op ϭ 6.5 Ϯ 0.2.
Crystallization and Diffraction Properties of the COOH-terminal Rieske Polypeptide-The
Rieske protein crystallized in the presence of 100 mM sodium acetate, 100 mM NH 4 -acetate, with 30% polyethylene glycol 4000 as precipitant, in the pH range pH 5.6 -5.9 and at 20°C. The use of acetate buffer and a pH in the above range were critical. In retrospect, the requirement of an acidic pH for crystallization may be necessitated by instability of the protein at alkaline pH. The crystals are dark brown with an elongate rectangular shape, 250 ϫ 80 ϫ 20 m in size (Fig. 6) . Crystals diffract to 2.1 Å spacings. A nearly complete data set was measured to 2.55 Å on a Rigaku R-axis IIC area detector diffractometer using CuK␣ radiation (Table  III) . The crystals have a low solvent content of approximately 30%, one molecule per asymmetric unit, and belong to the triclinic space group P1 with unit cell dimensions, a ϭ 29.1 Å, b ϭ 31.9 Å, c ϭ 35.8 Å, ␣ ϭ 95.6°, ␤ ϭ 107.1°, and ␥ ϭ 117.3°.
DISCUSSION
The Nature of the Cleavage Site in the Rieske Protein-The Rieske protein in plant and C. reinhardtii chloroplasts contains a hydrophobic segment of approximately 25 residues near the NH 2 terminus that is followed by a glycine-rich nonpolar region (18) . As shown above ( Fig. 1 and Table I ), the 179-residue Rieske protein in the b 6 f complex can be cleaved by proteolysis (thermolysis) four residues before the first Gly in the Glyenriched segment. The cleavage results in a COOH-terminal 139-residue fragment that retains the [2Fe-2S] center. This proteolysis result implies that the glycine-rich peptide is a flexible linker between the NH 2 -terminal 40-residue membrane domain and the soluble redox-active domain of the chloroplast Rieske protein. This experiment does not, however, distinguish between two general modes of hydrophobic anchoring through the NH 2 -terminal segment: (i) a trans-membrane ␣-helix (37) or (ii) an extrinsic protein that is released from the membrane by chaotropic agents (38) or bound within the membrane surface in the intermediate dielectric constant interfacial layer (1) . The latter mode of hydrophobic association, in contrast to a trans-membrane ␣-helix, would be more readily reconciled with the inability to cleave the Rieske protein with protease probes added to the stromal side of thylakoid membranes (39) . 6 f complex) and Rieske fragment (68 M, 1 mg/ml) were poised potentiometrically to oxidation-reduction potentials at pH 6.9 of ϩ217 and ϩ205 mV, respectively. Microwave frequency, 9.2509 GHz; power, 1 mW; modulation amplitude, 1.25 millitesla (mT); modulation frequency, 100 kHz; time constant, 32 ms; sample temperature, 17 K. EPR (Low Temperature) Spectroscopy-The E m values of the Rieske protein determined by EPR spectroscopy at 20 K, as well as the pK ox , would have to be corrected relative to the determination by optical spectroscopy at 25°C if the rate of electron and proton equilibration through the redox dyes were comparable with the rate of freezing. The existence of such temperature effects is suggested by the observation of a pK ox ϭ 6.5 in the measurements made at 25°C and the absence of an observable pK ox between pH 6 and 7 in the low temperature EPR measurements. If ⌬E m /⌬T ϭ Ϫ1.6 mV/K, then from the EPR data, [E m (25°C) Ϫ E m (0°C)] ϭ Ϫ40 mV, and E m6 (25°C) ϭ ϩ325 mV, and from optical spectroscopy, E m6 ϭ ϩ360 mV. At pH 7, E m7 (25°C) EPR ϭ ϩ335 mV versus E m7 (25°C) op ϭ ϩ320 mV. The pH 7 values are close to the E m value of ϩ320 mV at pH 6.8 -8.0 measured at low temperature for the Rieske protein in the b 6 f complex by (40) and in the present work. This similarity suggests that the variation of E m with temperature, ⌬E m /⌬T, is substantially smaller for the Rieske protein in the b 6 f complex compared with the soluble protein. This would be consistent with fewer degrees of freedom of the [2Fe-2S] cluster in the complex and a smaller value of the standard entropy change associated with oxidation-reduction of the cluster. The absence of an observable change in E m detected by EPR at pH 7 compared with pH 6 of the Rieske protein in the complex is consistent with the pK ox of 7.8 observed in the cluster in the complex (40) . The difference between the pK ox observed by EPR in the frozen sample at 20 K and by optical spectroscopy at 25°C could be largely accounted for either by a shift in pK between 25 and 0°C or other temperature effects on the pH of frozen samples at low temperatures, which can be as large as ϳ2 pH units (41) . If the slope of the temperature dependence of the pK was in the range of Ϫ0.02 to Ϫ0.03°C Ϫ1 , a value found in common buffers (42) , the pK at 0°C, just before the frozen state is reached, would be increased from 6.5 to 7.0 -7.2. Some of the difference in pK ox may arise from protein-protein interactions in the intact complex that would shift the pK ox observed in the soluble Rieske protein in the present work, as previously discussed for the pK ox of soluble cytochrome f (5) .
Integrity complex (A, (1) ) and of the Rieske fragment at pH 6.0 and 7.0 (B). Titrations were performed anaerobically as described under "Experimental Procedures." Protein concentrations: b 6 f complex (4.0 mg/ml), Rieske fragment (1 mg/ml) (A); Rieske fragment, 0.94 and 1.0 mg/ml at pH 6 and 7 (B), respectively. The ordinate of the graph corresponds to the normalized amplitude of the g y ϭ 1.90 (trough to baseline) EPR signal. One-electron Nernst curves were fit best with E m6 ϭ ϩ295 mV (b 6 f complex, A, curve 1), E m6 ϭ ϩ365 mV (Rieske fragment, A, curve 2, and B), and E m7 ϭ ϩ377 mV in B. Conditions for EPR measurements were the same as for Fig. 4 , except that the microwave power was 5 mW. (Fig. 4) implies that the electronic ligand environment of the cluster is similar in the fragment compared with the intact protein in the complex. Although the E m values of the soluble chloroplast Rieske protein stated above are quite similar to those measured by EPR (40), depending on whether or not a temperature correction to the E m is made, the E m6 are 50 -70 mV more positive (approximately ϩ350 -365 mV versus ϩ295 mV) than those measured for the Rieske protein in the b 6 f complex. Therefore, because the Ϫ1 net charge of the reduced iron-sulfur cluster is greater than that of the electrically neutral oxidized cluster (43) , it appears that the environment of the cluster in the soluble Rieske protein is somewhat more polar than for the Rieske cluster embedded in the b 6 f complex.
pK of the E m : Electron Transfer and Proton TranslocationThe Rieske protein is positioned at the interface of the thylakoid membrane and the electrochemically positive (p)-side bulk aqueous phase. The [2Fe-2S] center serves as an oxidant for the quinol and accepts the first electron that is transferred from plastoquinol that ultimately donates two electrons and two protons to the p-side. This electron is then transferred to cytochrome f, and from the cytochrome to plastocyanin, the immediate electron donor to the PS I reaction center. The electron transfer to the [2Fe-2S] center is coupled to the transfer of 1-2 protons. It has been suggested that the His ligands to the center are well positioned to be the initial H ϩ acceptors from the ubiquinol hydrogen donor of the mitochondrial bc 1 complex at the p-side interface of the membrane (6) . The pK ox of 6.5 of the E m of the oxidized protein (Fig. 3C) implicates the existence of a residue on the chloroplast Rieske protein whose protonation is coupled to the reduction of the [2Fe-2S] center. The pK ox of 6.5 is compatible with the proposal that this residue is a histidine (6) . The previous association of alkaline pK values of 7.3, or 7.6 and 9.2, with histidine residues on the mitochondrial Rieske protein that are protonated upon reduction of the Rieske protein (11, 32) is quite reasonable, although these pK values are further from the unperturbed pK values, 6.0 -6.5, of histidine. It is of interest that the analogous pK of the chloroplast Rieske protein is on the acid side, as would be expected from the acidic environment of the lumen p-side chloroplast Rieske protein, compared with the somewhat alkaline intermembrane or periplasmic p-side domain of the mitochondrial or bacterial Rieske protein.
It has been proposed from studies on quinol analogue inhibitor-resistant mutants that the quinol/quinone binding niche is between the p-side surface helices of the b cytochrome and a surface of the Rieske protein containing the [2Fe-2S] center (44) . The elongate (75 ϫ 35 ϫ 25 Å) nature of the cyt f protein (4) suggests that the Rieske protein may be sandwiched between cyt f and the membrane surface. It would appear that the electron must then be transferred through the thickness of the Rieske protein to reach cytochrome f. Possible pathways of electron transfer from the heme of cytochrome f to its acceptor, plastocyanin, over a distance of 17-18 Å, have been described elsewhere. 2 Relatively little is known about the pathway of H ϩ transfer from the quinol to the p-side bulk aqueous phase. The studies (11) on the pH-dependent E m of the soluble mitochondrial Rieske protein and its x-ray structure determination imply that the p-side domain of the Rieske protein buffers or mediates H ϩ transfer from ubiquinol to the bulk H 2 O phase. The discovery of a buried water chain with properties of an H ϩ wire in cytochrome f (5) suggests that the p-side exit port for proteins from the b 6 f, and perhaps the bc 1 complex as well, must both traverse the Rieske protein and cytochrome f or c 1 before the H ϩ is deposited in the p-side bulk aqueous phase.
